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Abstract (350 words) 10 

Marine larval dispersal emerges from the interaction between physical transport and biological 11 

development. Yet biophysical dispersal models commonly prescribe pelagic larval duration 12 

independently of the thermal histories experienced by larvae, potentially overlooking an important 13 

coupling between environmental conditions, development, and transport. This simplification may be 14 

particularly consequential for species with prolonged spawning seasons, because larvae released at 15 

different times encounter distinct circulation regimes and thermal environments. Here, using Japanese 16 

anchovy (Engraulis japonicus) as a case study, we coupled a Lagrangian particle-tracking model with 17 

two representations of temperature-dependent larval development, a growing degree-day (GDD) 18 

approach and an optimal growth temperature (OGT) approach, to examine how physical transport and 19 

biological development jointly shape larval dispersal. A fixed 30-day travel duration was simulated to 20 

isolate seasonal variation in hydrodynamic transport. Larvae released from Haizhou Bay on six dates 21 

between May and July during 2013–2018 experienced markedly different trajectory-specific thermal 22 

histories, resulting in substantial variation in development-dependent travel duration. Under the fixed-23 

duration scenario, median dispersal distance increased from 128.2 km on 1 May to 168.8 km on 15 July, 24 

indicating progressively stronger hydrodynamic transport over the spawning season. In contrast, the 25 

GDD approach predicted a decrease in travel duration from 62.1 to 25.5 d and a corresponding decrease 26 
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in median dispersal distance from 226.5 to 154.2 km, reversing the hydrodynamically driven seasonal 27 

trend. The OGT approach produced a nonlinear seasonal response because larval growth declined when 28 

experienced temperatures exceeded the thermal optimum, further demonstrating that the thermal–29 

development relationship can qualitatively alter predicted dispersal patterns. Together, these results 30 

demonstrate that larval dispersal emerges from competing physical and biological controls, with 31 

spawning phenology coupling the two by simultaneously altering seasonal circulation and trajectory-32 

specific thermal histories. Representing travel duration as an environmentally responsive biological trait, 33 

rather than a fixed parameter, may therefore improve predictions of larval dispersal and population 34 

connectivity under climate-driven shifts in spawning phenology. More broadly, our findings suggest a 35 

spatial dimension to the phenological match–mismatch framework, whereby shifts in spawning 36 

phenology may alter not only when larvae encounter suitable conditions but also where these encounters 37 

occur. 38 

 39 
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1. Introduction 43 

  Larval dispersal, the transport of larvae away from their source populations, is a fundamental 44 

process shaping individual fitness, population connectivity, and the persistence and productivity of 45 

marine populations (Almany et al., 2017; Cowen and Sponaugle, 2009). Because many marine species 46 

experience a pelagic larval stage, larvae may be transported over substantial distances before recruiting 47 

to suitable habitats, thereby connecting spatially separated populations (Cowen and Sponaugle, 2009; 48 

Faillettaz et al., 2018; Sato et al., 2023; Wood et al., 2013). Larval dispersal emerges from the interaction 49 

between physical transport and biological development (Shi et al., 2026b). Physical transport, governed 50 

primarily by ocean circulation and modified by larval behaviour, determines the velocity and direction 51 

of movement, whereas biological development determines how long larvae remain in the dispersive stage. 52 

These controls are inherently coupled because larval development is strongly temperature dependent, 53 

while the temperatures experienced by larvae depend on their trajectories through spatially and 54 

temporally heterogeneous marine environments. Hydrodynamic transport therefore determines not only 55 
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where larvae move, but also the thermal histories they experience and, consequently, how long they 56 

remain subject to transport. 57 

Despite this physical–biological coupling, biophysical particle-tracking models commonly 58 

prescribe pelagic larval duration as a fixed parameter (Ayata et al., 2010; Burgess et al., 2021; Chaput et 59 

al., 2022; Huret et al., 2010; Majoris et al., 2019; Saito et al., 2026; Suhaemi et al., 2026; Takeshige et 60 

al., 2015; Xing et al., 2021). This simplification effectively decouples biological development from the 61 

environmental conditions experienced during dispersal. In reality, larvae following different trajectories 62 

may encounter substantially different temperatures and therefore develop at different rates, even when 63 

released from the same spawning population (Shi et al., 2026b). Previous studies have separately 64 

demonstrated the effects of spatial variation in temperature, ocean circulation, spawning location, and 65 

spawning time on larval dispersal (Ayata et al., 2010; Hinrichsen et al., 2012; Lu et al., 2023; O'connor 66 

et al., 2007; Shi et al., 2026d). However, the consequences of trajectory-specific thermal histories for 67 

larval development and their interaction with seasonal hydrodynamic transport remain poorly understood. 68 

This distinction is important because environmentally driven changes in development can alter the 69 

duration over which larvae are transported and may therefore reinforce or counteract changes in physical 70 

transport. Consequently, seasonal changes in larval dispersal cannot necessarily be inferred from 71 

hydrodynamic variability alone. 72 

Spawning phenology provides a natural context in which these physical and biological controls 73 

interact. Species with prolonged spawning seasons release larvae into seasonally varying circulation and 74 

thermal environments. Changes in circulation alter transport velocity and direction, while changes in 75 

temperature regulate developmental rates and hence the duration of dispersal (Fig. 1). Importantly, larval 76 

development depends on the temperatures experienced along individual trajectories rather than solely on 77 

conditions at spawning locations (Shi et al., 2026b). Spawning phenology can therefore influence 78 

dispersal through a dynamic coupling among seasonal circulation, trajectory-specific thermal exposure, 79 

and biological development. This mechanism may become increasingly important under climate change 80 

because spawning and other early-life phenological events are shifting in many marine fishes (Asch, 81 

2015; Asch et al., 2019). Such shifts have primarily been considered within the match–mismatch 82 

framework, whereby asynchronous phenological responses of fish and their prey can alter recruitment. 83 

However, if spawning phenology also modifies dispersal through temperature-dependent development, 84 

phenological shifts may affect not only when larvae encounter suitable prey and nursery conditions, but 85 
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also where these interactions occur. 86 

Here, we use Japanese anchovy (Engraulis japonicus) in Haizhou Bay and the adjacent China Seas 87 

as a case study to investigate how seasonal hydrodynamics and temperature-dependent development 88 

jointly shape marine larval dispersal. Japanese anchovy has a prolonged spawning season (Zhang et al., 89 

2020), exposing larvae to pronounced seasonal variability in both circulation and temperature. We 90 

coupled a Lagrangian particle-tracking model with two alternative representations of temperature-91 

dependent development: a growing degree-day (GDD) approach representing cumulative thermal 92 

exposure (Neuheimer and Taggart, 2007; Shi et al., 2026b) and an optimal growth temperature (OGT) 93 

approach (Takasuka et al., 2007) representing a nonlinear thermal–growth relationship. Larvae were 94 

released on six dates between May and July during 2013–2018, and their travel durations were 95 

determined from temperatures experienced along individual trajectories. A fixed 30-day travel duration 96 

was additionally simulated as a hydrodynamic baseline to isolate seasonal changes in physical transport. 97 

Specifically, we examined how spawning phenology alters trajectory-specific thermal histories and 98 

development-dependent travel durations, and whether these biological changes reinforce or counteract 99 

seasonal variation in hydrodynamic transport to shape larval dispersal. 100 

 101 

Figure 1. Conceptual framework of the coupled physical and biological controls on larval dispersal. 102 

2. Materials and Methods 103 

2.1. Study Species and Area 104 

Japanese anchovy (Engraulis japonicus) is one of the most abundant pelagic fish species in the 105 
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Yellow Sea and plays a key trophic role in its marine ecosystem (Zhao et al., 2003). The egg stage was 106 

not included in the dispersal simulations because embryonic development lasts only approximately 42–107 

72 h, resulting in relatively limited transport before hatching compared with the subsequent larval stage 108 

(Takeshige et al., 2015; Xing et al., 2020). Japanese anchovy larvae begin to develop swimming ability 109 

at body lengths of approximately 5–7 mm, with swimming performance increasing during development 110 

and becoming more pronounced at 20–25 mm (Masuda, 2011). Here, we focused on the early larval stage 111 

from hatching to a standard length of 20 mm. Active swimming was intentionally excluded to isolate the 112 

effects of hydrodynamic transport and temperature-dependent development on larval dispersal. Larvae 113 

were therefore represented as passive particles, providing a mechanistic baseline for examining physical–114 

biological coupling rather than a complete representation of realized larval movement. This assumption 115 

is also consistent with previous particle-tracking studies of Japanese anchovy larvae (Takeshige et al., 116 

2015; Xing et al., 2020). Previous particle-tracking studies assumed a fixed larval travel duration of either 117 

30 d (Takeshige et al., 2015) or 60 d (Xing et al., 2020). In contrast, this study estimated larval travel 118 

duration dynamically based on the water temperatures experienced along individual larval trajectories. 119 

Here, travel duration refers to the simulated period from release to the developmental endpoint of 20 mm 120 

and represents the duration over which larvae remain subject to dispersal in the model. 121 

Haizhou Bay (HZB), located along the western margin of the Yellow Sea, is an important spawning 122 

ground for Japanese anchovy (Zhang et al., 2022) and was therefore selected as the larval release region 123 

for the particle-tracking simulations (Fig. 2). Its prolonged spawning season exposes larvae released at 124 

different times to pronounced seasonal variability in both hydrodynamic and thermal conditions, 125 

providing a suitable case study for examining how spawning time influences larval dispersal through 126 

coupled physical transport and temperature-dependent development. 127 
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 128 

Figure 2. Haizhou Bay (HZB), one of the major spawning grounds of Japanese anchovy (Engraulis 129 

japonicus) in the Yellow Sea, and the larval release area used in the particle-tracking simulations (black 130 

circle). White indicates ocean and grey indicates land. 131 

2.2. Hydrodynamic Model 132 

Hydrodynamic outputs from the Finite-Volume Community Ocean Model (FVCOM) for the period 133 

2013–2018, originally developed by Xing et al. (2020) to investigate larval retention of Japanese anchovy 134 

in the China Seas, were used in this study. The model generated hourly, three-dimensional hydrodynamic 135 

fields covering the Bohai Sea, Yellow Sea, and East China Sea from 1987 to 2018. The computational 136 

domain was discretized using an unstructured triangular mesh consisting of 86,107 elements and 44,682 137 

nodes, with an average horizontal resolution of approximately 6.5 km. Vertically, the water column was 138 

represented by 41 terrain-following sigma layers, allowing for realistic simulation of vertical 139 

stratification and shear. The uppermost sigma layer of FVCOM model was used as Japanese Anchovy 140 

have typically been found near the surface (Iseki and Kiyomoto, 1997). Further details on model 141 

configuration and validation are available in Xing et al. (2020). 142 

2.3. Lagrangian Particle Tracking Model 143 
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 A two-dimensional Lagrangian particle-tracking model was developed in MATLAB® based on 144 

SWIM v2.0 to simulate larval dispersal trajectories (Shi et al., 2026a). The particle-tracking code and 145 

simulation outputs generated in this study are publicly available through Zenodo 146 

(10.5281/zenodo.21358003). Earlier versions of SWIM have been successfully applied in a variety of 147 

ecological applications, including forward-in-time simulations of silver eel (Anguilla rostrata and A. 148 

anguilla) migration (Béguer-Pon et al., 2016), walleye (Sander vitreus) larval dispersal under passive 149 

and active swimming scenarios (Shi et al., 2026c) backward-in-time estimation of Lake Whitefish 150 

(Coregonus clupeaformis) hatching locations in Lake Erie (Shi et al., 2024), and backward-in-time 151 

reconstruction of walleye larval age and hatching sites using a growing-degree-day approach (Shi et al., 152 

2026b). 153 

Diel vertical migration was not included in the present simulations; given that anchovy eggs are 154 

positively buoyant and typically aggregate in the uppermost water column (Iseki and Kiyomoto, 1997), 155 

all simulated particles were constrained to the surface layer and initialized with a uniform horizontal 156 

distribution across the designated release area. For boundary condition, any particle advected into 157 

nearshore coastal zones with water depths shallower than 6 meters was immediately classified as stranded 158 

or dead, effectively terminating its tracking trajectory (Lett et al., 2008). The particle-tracking model was 159 

integrated using a time step of 10 min (600 s), whereas FVCOM hydrodynamic fields were available at 160 

hourly intervals. To reconcile these temporal resolutions, velocity and temperature fields at each particle 161 

location were obtained by linearly interpolating between consecutive hourly FVCOM outputs. Particle 162 

positions were then updated every 10 min using the interpolated flow fields, together with a random-163 

walk diffusion component representing sub-grid-scale turbulent mixing. The horizontal diffusion 164 

coefficients were set to 𝐾𝑥 = 𝐾𝑦 = 0.1 m2 s−1. The specific configuration for larval release and tracking 165 

is detailed as follows: 166 

Larval release location: The simulated release domain was restricted exclusively to the Haizhou 167 

Bay (HZB) spawning ground. To ensure spatial uniformity, particles were released within a circular 168 

geographical boundary centered at 120.34°E, 35.09°N, with a radius of approximately 77.8 km. Within 169 

this specific zone, 20,000 independent particles were randomly generated per release event. A sensitivity 170 

analysis was conducted to ensure that the number of released particles was sufficient to produce robust 171 

simulation results (Fig. S1). 172 

Larval release time: To capture the seasonal and interannual variability of the coastal circulation 173 
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during the peak reproductive period, particles were released across six consecutive years (2013–2018). 174 

Within each year, release events occurred biweekly across six specific temporal nodes: May 1st, May 175 

15th, June 1st, June 15th, July 1st, and July 15th. This experimental design yielded a total of 720,000 176 

(20000 × 6 × 6) tracked particles throughout the study period.  177 

Larval travel duration: Rather than adopting a fixed travel duration, this study implemented a 178 

biologically based settlement criterion to account for spatial and temporal variability in larval growth 179 

conditions. Specifically, travel duration was defined as the time required for a larva to reach 20 mm in 180 

standard length. Because larval growth is temperature dependent, the growth rate of each individual was 181 

determined by the water temperatures experienced along its dispersal trajectory. Consequently, neither 182 

the growth rate nor the required travel duration could be specified a priori. Two approaches, described 183 

below, were used to estimate the time required for each larva to grow to 20 mm. 184 

2.4. Larval Dispersal Travel duration 185 

(1) Growing Degree-Day (GDD) Approach 186 

The development of Japanese anchovy larvae was quantified using a growing degree-day 187 

(GDD; °C·day) approach. GDD on day 𝑡 was computed as: 188 

          𝐺𝐷𝐷(𝑡) =  ∑ (𝑇𝑖  −  𝑇0) ∙ ∆𝑑𝑡
𝑖=1                         (1) 189 

where 𝑇𝑖  is the local water temperature experienced by a larva on day 𝑖. Because the particle-tracking 190 

model used a 10-min time step, each day consisted of 144 simulation steps. Therefore, 𝑇𝑖  was calculated 191 

as the mean water temperature experienced by the larva across all 144 steps within that day. 𝑇0 is the 192 

biological base temperature, which was set as 12.0 °C (Zhang et al., 2022). When 𝑇𝑖 < 𝑇0, the term 193 

𝑇𝑖  −  𝑇0 was set to zero. ∆𝑑 is the time increment (1 day). 194 

Laboratory rearing experiments have shown that Japanese anchovy larvae reach a body length of 195 

20 mm after 32 days of development at a constant temperature of 23.2 °C (Masuda, 2011). Consequently, 196 

the cumulative thermal requirement for larvae to attain 20 mm was estimated as (23.2-12) × 197 

32=358.4 °C·day. Therefore, the modeled travel duration 𝑡𝑔, was determined as the time required for a 198 

larva to accumulate the thermal units necessary to reach 20 mm in length. Specifically, 𝑡𝑔  was 199 

determined as the first day (𝑚) at which the GDD exceeded 358.4 °C·day: 200 

𝑡𝑔 = 𝑚, when ∑ (𝑇𝑖  −  𝑇0) ∙ ∆𝑑𝑚
𝑖=1 ≥ 358.4                      (2) 201 

(2) Optimal Growth Temperature (OGT) Approach 202 
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Alternatively, Takasuka et al. (2007) derived an empirical relationship between the recent 3-day 203 

mean growth rate of larval Japanese anchovy and sea surface temperature:  204 

𝑦 = −2.302 + 0.255𝑥 − 0.006𝑥2 (n=34, r2=0.507, p<0.001)   (3) 205 

where 𝑦  is the daily growth rate (mm·day-1) and 𝑥  is the sea surface temperature (°C). This 206 

relationship was developed from 34 samples comprising 2,041 Japanese anchovy larvae collected at 50 207 

stations spanning inshore to offshore waters of the western North Pacific between 1990 and 2004. The 208 

larvae ranged from 6.4 to 34.3 mm in standard length, and sea surface temperature was measured 209 

concurrently with larval sampling. 210 

In this research, the standard length at hatching (𝐿0) was assumed as 3 mm (Togoshi et al., 2024). 211 

During dispersal, the daily growth increment of each larva was determined by the local water temperature 212 

experienced along its trajectory. To avoid biologically unrealistic negative growth under low-temperature 213 

conditions, daily growth rates were constrained to be non-negative. Larval standard length at day (𝑡) was 214 

therefore calculated as: 215 

𝐿(𝑡) = 𝐿0 + ∑ (−2.302 + 0.255𝑇𝑖 − 0.006𝑇𝑖
2)𝑡

𝑖=1                    (4) 216 

where 𝐿  represents the larval standard length at day 𝑡 . The travel duration 𝑡𝑑  computed using this 217 

approach was determined at the day when 𝐿 exceeded 20 mm. 218 

The two approaches were not intended to identify a single best representation of Japanese anchovy 219 

growth, for which region-specific temperature–growth relationships remain uncertain. Instead, they were 220 

used as alternative representations of thermal control on development to evaluate whether the influence 221 

of temperature-dependent development on dispersal depends on the form of the thermal–development 222 

relationship. 223 

(3) Fixed Travel Duration (30 d) 224 

To separate seasonal changes in hydrodynamic transport from those associated with temperature-225 

dependent development, we conducted an additional set of simulations in which all particles were tracked 226 

for a fixed duration of 30 d, following Takeshige et al. (2015). Because particles released on different 227 

dates were advected by the corresponding time-varying hydrodynamic fields but shared the same travel 228 

duration, differences among release dates in this scenario primarily represent seasonal variation in 229 

hydrodynamic transport. We therefore used the fixed-duration simulations as a hydrodynamic baseline 230 

against which the GDD- and OGT-based simulations were compared. Differences between the 231 

temperature-dependent and fixed-duration simulations quantify the influence of development-dependent 232 
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variation in travel duration on predicted dispersal. 233 

2.5. Larval Dispersal Pattern and Distance 234 

Using the travel durations derived above (𝑡𝑔 and 𝑡𝑑), larval settlement locations were determined 235 

by terminating each simulated larval trajectory at the corresponding travel duration. Settlement density 236 

was calculated for each grid cell by dividing the number of settled larval particles within the cell by the 237 

total number of particles settled. Dispersal distance was determined as the straight-line distance between 238 

each particle’s release and settlement locations. Median dispersal distance was defined as the distance 239 

below which 50% of larvae settled, whereas long-distance dispersal was represented by the 95th 240 

percentile, below which 95% of larvae settled. 241 

3. Results 242 

3.1. Spawning Time Alters Trajectory-Specific Thermal Histories 243 

Larvae experienced markedly different thermal environments among release dates but relatively 244 

consistent temperatures among release years. Fig.3 shows the local water temperatures larvae 245 

experienced along their movement trajectories within travel duration. For example, the dark solid blue 246 

line in Fig. 3a, increased from approximately 12.4 to 22.1 °C, represents the mean temperature 247 

experienced by the 20,000 larvae released on May 1 over 6 years, under the GDD approach. Release date 248 

had a significant effect on the temperatures experienced by larvae (p<0.01; Table S1). Specifically, the 249 

mean temperature on the first day after release increased from 12.4 to 24.3 °C as the release date shifted 250 

from May 1 to July 15. Release year had no significant effect on the temperatures experienced by larvae, 251 

with the exception of 2017 (p>0.01).  252 
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 253 

Figure 3. Local water temperatures E. japonicus larvae experienced along their movement trajectories 254 

within travel durations, estimated using the (a) Growing Degree-Days (GDD) approach and (b) Optimal 255 

Growth Temperature (OGT) approach. Different line styles represent different release years, while the 256 

thickest line indicates the 6-year mean water temperature experienced by larvae. 257 

3.2. Thermal Histories Regulate Larval Travel Duration 258 

Spawning-time shifts in thermal history produced either monotonic or nonlinear changes in travel 259 

duration depending on the form of the temperature–development relationship. 260 

3.2.1. Growing Degree-Day (GDD) Approach 261 

Using the GDD approach, modeled larval travel durations (𝑡𝑔) decreased monotonically with later 262 

release dates (Fig. 4a). As surface water temperatures increased from May to July, the time required to 263 

accumulate the physiological settlement threshold (358.4 °C·day) shortened significantly (Fig. 3a). A 264 

pronounced difference was observed between early-spring and midsummer cohorts: travel durations 265 

ranged from approximately 55 to 66 days for larvae released on May 1, compared with 23–29 days for 266 

those released on July 15, indicating a 2.2- to 2.7-fold acceleration in development. Overall, travel 267 

durations were shorter in 2017 than in the other years, suggesting that summer water temperatures in the 268 

Yellow Sea were higher in 2017. This finding is consistent with the observations of Shi and Zhao (2026).  269 

3.2.2. Optimal Growth Temperature Approach 270 

 Unlike the GDD approach, the OGT approach produced a nonlinear, “U-shaped” relationship 271 

between travel duration (𝑡𝑑) and release date (Fig. 4b), with the turning point generally occurring around 272 
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June 1. Travel duration decreased with later release dates before this point but increased thereafter. This 273 

pattern can be explained by Equation 3: larval growth rate increases with water temperature up to 274 

21.25 °C while decreases at higher temperatures. After June 1, larvae experienced temperatures above 275 

21.25 °C along most of their trajectories (Fig. 3), resulting in slower growth and longer travel durations. 276 

Using this approach, the longest travel duration remained approximately 1.4–1.6 times the shortest 277 

duration. 278 

 279 

Figure 4. Simulated travel durations of E. japonicus larvae prior to settlement (2013–2018) using two 280 

approaches: (a) the Growing Degree-Days (GDD) approach, and (b) Optimal Growth Temperature (OGT) 281 

approach.  282 

3.3. Effects of Temperature-Dependent Travel Duration on Larval Dispersal 283 

The effect of temperature-dependent travel duration on dispersal was isolated by comparing 284 

simulations initiated from the same location and release date but using different travel-duration 285 

formulations. Because these larvae were exposed to the same hydrodynamic fields, differences in their 286 

dispersal patterns and distances can be attributed solely to temperature-dependent variation in larval 287 

development and the resulting travel duration, rather than to differences in hydrodynamic forcing. For 288 

example, for larvae released on May 1, the six-year mean travel durations estimated using the GDD and 289 

OGT approaches were similar (62.1 and 61.1 d, respectively; Table 1). Consequently, the settlement 290 

centroids (Fig. 5), density distributions (Fig. 6), mean median dispersal distance (MDD), and long-291 
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distance dispersal (LDD) (Table 1) were also similar between the two approaches. Likewise, for larvae 292 

released on July 1, the mean travel duration estimated using the GDD approach was 28.8 d, close to the 293 

fixed duration of 30 d, resulting in similar dispersal metrics between the GDD and fixed 30-d approaches. 294 

In contrast, for larvae released on July 15, the estimated travel durations differed substantially between 295 

the GDD and OGT approaches (25.5 versus 63.3 d, respectively), resulting in pronounced differences in 296 

all of these dispersal metrics. Overall, using all three travel-duration scenarios, the centroids of settled 297 

larval particles were located northeast of the release site and clustered near 36°N for most release events 298 

(Fig. 5).  299 

3.4. Effects of  Seasonal Hydrodynamic Transport on Larval Dispersal 300 

Seasonal effects on hydrodynamic transport were evident even when travel duration was similar. 301 

For example, under the OGT approach, the modeled travel durations for larvae released on May 1 and 302 

July 15, 2015, were nearly identical (approximately 62 d); nevertheless, their dispersal patterns and 303 

settlement centroid locations differed markedly (Figs. 5 and 6), indicating the influence of seasonal 304 

changes in hydrodynamic conditions on larval travel velocity and, consequently, dispersal. This effect 305 

was further demonstrated using the fixed 30-d travel duration, which eliminated variation in travel 306 

duration among release dates. Despite the identical travel duration, MDD and LDD generally increased 307 

with later release dates (Table 1). These results demonstrate that seasonal variation in hydrodynamic 308 

conditions associated with spawning time can independently alter larval travel velocity and, in this case, 309 

increase dispersal distances. 310 

3.5. Combined Effects of Temperature-Dependent Travel Duration and Seasonal Hydrodynamics 311 

on Larval Dispersal 312 

Comparing larval dispersal patterns and distances among release dates within either the GDD or 313 

OGT approach reveals the combined effects of spawning time on both the thermal histories experienced 314 

by larvae and the seasonal hydrodynamic conditions governing their transport. Under the GDD approach, 315 

MDD and LDD decreased nearly monotonically with later release dates (Table 1). This trend was 316 

opposite to the nearly monotonic increase in MDD and LDD obtained using the fixed 30-d travel duration, 317 

under which the effect of temperature-dependent variation in travel duration was removed. The 318 

contrasting trends indicate that the effects of spawning time mediated through thermal histories and 319 

temperature-dependent travel duration counteracted those mediated through seasonal hydrodynamics. 320 
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Specifically, although seasonal hydrodynamic conditions tended to increase dispersal distances for later-321 

spawned larvae, warmer thermal conditions associated with later spawning accelerated larval 322 

development and shortened travel duration, thereby limiting the time available for transport and 323 

ultimately reducing dispersal distances under the GDD approach. 324 

A similar interaction was evident under the OGT approach. However, because OGT-derived travel 325 

durations exhibited a nonlinear seasonal pattern from those estimated using the GDD approach, the 326 

resulting MDD and LDD did not show the same monotonic decrease with later release dates. Instead, 327 

their variation among release dates reflected the balance between changes in temperature-dependent 328 

travel duration and seasonal hydrodynamic conditions. Together, these results demonstrate that the effect 329 

of spawning time on larval dispersal cannot be explained by either thermal conditions or hydrodynamics 330 

alone; rather, the observed dispersal patterns emerge from their combined—and potentially opposing—331 

effects on larval travel duration and velocity. These substantial differences demonstrate that assuming a 332 

constant travel duration can substantially misrepresent larval dispersal by neglecting temperature-333 

dependent variation in larval development associated with spawning time. 334 

 335 

Figure 5. The centroid distribution of different release events, using (a) GDD approach and (b) OGT 336 

approach. The centroids derived from the 30 days are indicated in lighter colors. 337 
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 338 

Figure 6. Spatial density distribution of settled larval particles released on different dates from different 339 

years, using the (a) Growing Degree-Days (GDD) approach, and (b) Optimal Growth Temperature (OGT) 340 

approach. Values shown on the color scale represent the relative particle density within each 0.025° × 341 

0.025° grid cell (approximately 6.3 km⁻²). The solid black lines represent the centroid trajectories of the 342 

dispersed larvae. 343 

 344 

Table 1. The 6-year mean median-dispersal distance (MDD) and long-distance dispersal (LDD). 345 

Approach Release Date 

6-Year Mean 

MDD (km) 

6-Year Mean 

LDD (km) 

6-Year Mean Travel 

duration (d) 

GDD 

May 1 226.5 ± 43.5 296.2 ± 44.3 62.1 ± 3.6 

May 15 215.5 ± 45.1 291.8 ± 42.1 50.7 ± 2.9 

June 1 210.9 ± 65.3 287.3 ± 76.2 40.7 ± 2.2 

June 15 181.4 ± 54.9 281.3 ± 69.6 34.4 ± 1.9 

July 1 162.1 ± 39.8 257.7 ± 66.4 28.8 ± 2.2 

July 15 154.2 ± 34.4 244.1 ± 43.4 25.5 ± 1.9 

OGT 

May 1 227.0 ± 45.4 295.7 ± 47.0 61.1 ± 4.2 

May 15 214.4 ± 44.7 291.0 ± 43.4 49.5 ± 2.9 

June 1 232.9 ± 83.5 302.8 ± 87.0 44.5 ± 1.3 
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June 15 232.1 ± 78.8 339.0 ± 94.4 50.3 ± 9.8 

July 1 175.2 ± 66.0 324.5 ± 121.8 61.7 ± 10.0 

July 15 146.6 ± 53.2 287.5 ± 87.2 63.3 ± 7.2 

30 d 

May 1 128.2 ± 27.5 191.7 ± 30.4 -- 

May 15 140.9 ± 42.5 212.7 ± 43.8 -- 

June 1 152.3 ± 41.4 236.7 ± 50.8 -- 

June 15 159.2 ± 54.0 250.2 ± 62.3 -- 

July 1 160.3 ± 42.4 262.1 ± 68.7 -- 

July 15 168.8 ± 41.0 260.6 ± 64.3 -- 

4. Discussion 346 

4.1. Spawning Phenology Couples Physical Transport and Biological Development 347 

Our results show that spawning phenology shapes larval dispersal through two coupled pathways: 348 

seasonal hydrodynamics determine transport velocity and direction, while trajectory-specific thermal 349 

histories regulate development and thus travel duration. Because circulation determines both larval 350 

trajectories and the temperatures experienced along them, physical transport and biological development 351 

are inherently linked. This trajectory–development coupling ultimately controls both how far and how 352 

long larvae are transported. 353 

The fixed 30-d simulations provide a useful numerical baseline for separating these two pathways. 354 

When travel duration was held constant, median dispersal distance increased from 128.2 km for larvae 355 

released on May 1 to 168.8 km for those released on July 15, indicating progressively stronger effective 356 

hydrodynamic transport over the spawning season. In contrast, when travel duration was allowed to 357 

respond to trajectory-specific temperature under the GDD approach, travel duration declined from 62.1 358 

to 25.5 d and median dispersal distance declined from 226.5 to 154.2 km over the same release period. 359 

Thus, spawning-time effects on dispersal cannot be inferred from seasonal circulation alone because 360 

biological development modifies the amount of time over which that circulation can act.  361 

This distinction has broader implications for biophysical dispersal modelling. Pelagic larval 362 

duration or, more generally, the duration of the dispersive stage is commonly prescribed as a fixed 363 

species-specific parameter in particle-tracking simulations. Such an approach is convenient, but it 364 

implicitly assumes that larvae released at different times and transported along different trajectories 365 
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develop at the same rate. Our results show that this assumption can break down when the thermal 366 

environment changes substantially across the spawning season. Treating travel duration as an 367 

environmentally responsive biological trait rather than as a fixed model parameter may therefore provide 368 

a more mechanistic representation of larval dispersal. 369 

4.2. Temperature-Dependent Development Can Counteract Seasonal Hydrodynamic Transport 370 

A central finding of this study is that temperature-dependent development can counteract, and in 371 

some cases reverse, the seasonal dispersal trend expected from hydrodynamics alone. Under the fixed 372 

30-d scenario, both MDD and LDD generally increased with later release dates, indicating that seasonal 373 

hydrodynamic conditions favored progressively greater displacement. Under the GDD approach, 374 

however, MDD and LDD decreased nearly monotonically with later spawning. Later-spawned larvae 375 

experienced warmer temperatures, developed more rapidly, and therefore remained exposed to advective 376 

transport for a substantially shorter period. The reduction in travel duration was sufficiently large to 377 

outweigh the simultaneous increase in hydrodynamic transport, producing a seasonal dispersal trend 378 

opposite to that predicted using a fixed travel duration. This result suggests that fixed-duration 379 

simulations may introduce not only a quantitative bias in estimated dispersal distance, but also a 380 

qualitative bias in the inferred seasonal response. This is particularly relevant for species with prolonged 381 

spawning seasons, for which larvae released only several weeks apart may experience substantially 382 

different thermal environments and developmental rates. 383 

The OGT approach further demonstrates that the influence of temperature on dispersal depends on 384 

the shape of the thermal–development relationship. Whereas the GDD formulation assumes that 385 

development accelerates progressively with increasing thermal accumulation above a base temperature, 386 

the OGT formulation incorporates a thermal optimum, above which growth declines. Consequently, 387 

OGT-derived travel duration decreased from early May to early June but increased again as experienced 388 

temperatures exceeded the optimal range later in the season. This nonlinear response generated a more 389 

complex seasonal pattern in dispersal than the nearly monotonic response predicted by the GDD 390 

approach.  391 

The difference between the two approaches should therefore not be interpreted simply as uncertainty 392 

over which model produces the more accurate travel duration. Rather, it highlights a more general 393 

ecological point: the response of larval dispersal to warming depends on the form of the underlying 394 

17

https://doi.org/10.5194/egusphere-2026-5411
Preprint. Discussion started: 15 October 2026
c© Author(s) 2026. CC BY 4.0 License.



thermal performance relationship. The frequently invoked expectation that warmer conditions accelerate 395 

development and shorten larval duration is likely to hold only when experienced temperatures remain 396 

below or near the rising portion of the thermal response curve. Once temperatures approach or exceed a 397 

physiological optimum, additional warming may produce little further acceleration or may even slow 398 

growth and prolong the period available for transport. 399 

For Japanese anchovy in the Yellow Sea, the appropriate temperature–growth relationship remains 400 

uncertain. The OGT formulation was derived from field observations across the western North Pacific 401 

(Takasuka et al., 2007), whereas the GDD formulation represents cumulative thermal development and 402 

has been successfully applied across numerous fish populations (Neuheimer and Taggart, 2007). Our 403 

objective was therefore not to identify a single definitive growth model, but to test whether the effect of 404 

temperature-dependent development on dispersal is robust to alternative representations of thermal 405 

biology. The different responses obtained using GDD and OGT indicate that accurate characterization of 406 

species- and population-specific thermal performance will be essential for predicting dispersal under 407 

present and future temperature regimes. Laboratory and field measurements spanning the full range of 408 

temperatures experienced by Japanese anchovy larvae in the Yellow Sea would substantially reduce this 409 

uncertainty.  410 

4.3. Implications for Spawning Phenology, Spatial Match–Mismatch, and Population Connectivity 411 

Climate-driven shifts in spawning phenology are commonly considered in terms of temporal match–412 

mismatch between larvae and their prey (Asch, 2015; Asch et al., 2019). Our results suggest an additional 413 

spatial dimension. By altering both seasonal circulation and trajectory-specific thermal histories, 414 

spawning-time shifts can change travel duration by several weeks and thus where larvae reach a given 415 

developmental stage. Phenological shifts may therefore alter not only when larvae encounter prey or 416 

suitable nursery habitat, but also where these encounters occur. Because prey and habitat suitability were 417 

not explicitly modeled, this spatial match–mismatch remains a hypothesis rather than a demonstrated 418 

recruitment response. 419 

Temperature-dependent travel duration may also affect population connectivity by changing the 420 

time available for larvae to leave spawning grounds or reach distant habitats. Fixed-duration models may 421 

therefore misrepresent dispersal and spawning–nursery connectivity, with potential consequences for 422 

local retention and recruitment. Under climate change, these effects will depend on how shifts in 423 
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spawning phenology and warming modify seasonal circulation and larval development. Incorporating 424 

temperature-dependent development may thus improve connectivity predictions, particularly for species 425 

with prolonged spawning seasons and strong seasonal temperature variability. 426 

4.4. Model Uncertainties and Future Directions 427 

Several limitations should be considered when interpreting the present simulations. (1) Larvae were 428 

represented as passive particles. Japanese anchovy larvae develop swimming ability during ontogeny, 429 

and directional swimming, or other active behaviours could modify their horizontal trajectories. The 430 

present simulations should therefore be interpreted as a mechanistic baseline designed to isolate the 431 

coupled effects of hydrodynamic transport and temperature-dependent development rather than as a 432 

complete prediction of realized larval distributions. (2) larvae were constrained to the surface layer 433 

without diel or ontogenetic vertical migration, which could alter both the currents and temperatures 434 

experienced and thus affect transport and development. These assumptions provide a simplified 435 

mechanistic baseline for isolating hydrodynamic and temperature-dependent effects, consistent with 436 

previous Japanese anchovy transport studies (Takeshige et al., 2015; Xing et al., 2021; Xing et al., 2020). 437 

(3) Temperature was treated as the primary environmental control on growth, whereas larval 438 

development in nature is also influenced by prey availability, food quality, physiological condition, 439 

predation risk, and other environmental factors. The development models used here should therefore be 440 

interpreted as deliberately isolating the thermal pathway rather than reproducing all controls on realized 441 

larval growth. (4) Uncertainty remains in the parameterization of temperature-dependent development. 442 

The GDD threshold was derived from available laboratory information, whereas the OGT relationship 443 

was based on field observations from a broader western North Pacific region. Neither relationship has 444 

been comprehensively validated for Japanese anchovy larvae in the Yellow Sea. Nevertheless, using two 445 

contrasting formulations was useful because both showed that allowing travel duration to respond to 446 

thermal history substantially altered predicted dispersal relative to a fixed-duration assumption, while 447 

their differences revealed the sensitivity of dispersal to the form of the thermal–development relationship.  448 

Despite these limitations, the central mechanism identified here is robust: spawning phenology can 449 

simultaneously modify the physical rate of larval transport and the biologically determined duration over 450 

which transport occurs. These two effects need not act in the same direction. In the present simulations, 451 

temperature-dependent development was sufficiently strong to counteract and even reverse the seasonal 452 
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dispersal trend expected from hydrodynamics alone. More generally, our results suggest that larval travel 453 

duration should be treated as an environmentally responsive component of biophysical dispersal rather 454 

than as a fixed parameter, particularly when evaluating seasonal variability or climate-driven shifts in 455 

spawning phenology. 456 
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